Cell extracts of the fermentative Mollicutes Acholeplasma laidlawii B-PG9, Acholeplasma morum S2, Mycoplasma capricolum 14, Mycoplasma gallisepticum S6, Mycoplasma pneumoniae FH, Mycoplasma hyopneumoniae J and M . genitalium G-37, and the non-fermentative Mycoplasma hominis PG-2 1, Mycoplasma hominis 1620 and Mycoplasma bovigenitalium PG-1 1 were examined for 39 cytoplasmic enzyme activities associated with the tricarboxylic acid (TCA) cycle, transamination, anaplerotic reactions and other enzyme activities at the pyruvate locus. Malate dehydrogenase (EC 4.2
INTRODUCTION
The Mollicutes, a class of prokaryotic organisms characterized by the lack of a cell wall, can be divided into fermentative and non-fermentative groups based on their carbohydrate metabolism (Smith, 1971) . The fermentative group produces acid from carbohydrates such as glucose (Tourtellotte & Jacobs, 1960) . In these fermentative Mollicutes, glucose is oxidized to acetate and CO,, and lactate is the major end product of glycolysis (Gill, 1960; Neimark & Pickett, 1960 The non-fermentative group does not significantly lower the pH of the culture medium and some of these organisms are known to oxidize fatty acids and alcohols (Lynn, 1960; VanDemark & Smith, 1965; Beaman & Pollack, 1983) .
~~~
Abbreoiations : TCA cycle, tricarboxylic acid cycle; PEP, phosphoenolpyruvate; OAA, oxaloacetate ; MDH, malate dehydrogenase; PFK, phosphofructokinase.
Hayflick medium (Lipman et al., 1969) supplemented with 20% (v/v) heat inactivated horse serum and 0.04% phenol red. M. hyopneumoniae was grown at 36 "C in Friis broth culture (Friis, 1975) containing 10% (v/v) acid adjusted swine serum (Slavik & Switzer, 1972) . M. hyopneumoniae and A . laidlawii were also grown with constant shaking (approximately 100 r.p.m., 10 cm stroke, model 3590, Labline Instruments). M. hominis 1620 was grown with and without sparging at a rate of 16 1 sterile air h-' (1 rnedium)-I for 1-2 d. M. pneumoniae was grown attached to plastic 150 cm2 tissue culture flasks. M. pneumoniae organisms were harvested by pouring off the culture medium, scraping the attached organisms into kappa buffer (Pollack et al., 1970) and centrifuging at 12 OOOg for 30 min at 4 "C.
Preparation of cell extracts. Cell preparations were made essentially as previously described (Pollack, 1975 (Pollack, , 1983 . Cells were collected and washed by centrifugation. Washed cells were lysed by osmotic shock or by explosive decompression in a Parr-Bomb. Cells lysates were fractionated by centrifugation and then dialysed.
Enzyme assays. In cytoplasmic fractions from each of 10 Mollicutes, 39 enzyme activities comprising or associated with the TCA cycle, transamination, anaplerotic and other activities at the pyruvate locus were assayed spectrophotometrically (model 260, Gilford). Reaction mixtures contained 2.3 x 10-2-9.1 x lo2 pg protein ml-l and the assays were done aerobically and in some cases anaerobically in nitrogen or helium. When no activity was detected with our cytoplasmic extracts at a reaction mixture concentration of 70 % (v/v), we added approximately 0.001 U of commercially available purified enzyme (Sigma). This was a test for the sensitivity and appropriateness of our assay conditions, and the presence of inhibitors in the Mollicute cytoplasmic extract. HEPES (Research Organics) was the only buffer used in our studies. Protein was determined using the G-250 dye reagent formulated by Bio-Rad. Pyrophosphate (PPi) was assayed using a pyrophosphate assay kit (Sigma) according to the manufacturer's directions.
Enzymes ofthe TCA cycle. (i) Citrate synthase (EC 4.1.3.7) was assayed by both the methods of Srere (1969) and Stitt (1983~) . (ii) Aconitase (EC 4.2.1.3) was assayed by a modification of the method of Goldberg & Ellis (1983) . The reaction mixture (1.0 ml) contained 100 mM-HEPES/NaOH (pH 7-4), 1.7 mM-MnCl,, 0.15 mM-NADP+, 1 U isocitrate dehydrogenase and cell extract. The reaction was started with 5 mwcitric acid. (iii) Isocitrate dehydrogenase (EC 1 . l . 1.42) was assayed by the method of Goldberg & Ellis (1983) . (iv) 2-Oxoglutarate dehydrogenase (EC 1 .2.4.2) was assayed by the method of Reed & Mukherjee (1963) . (v) Succinate synthase (EC 6.2.1.5) was assayed by the method of Bridger et al. (1969) . (vi) Succinate dehydrogenase (EC 1 .3,99.1) was assayed by the methods of Reddy & Weber (1986) . (vii) Fumarate reductase (EC 1.3.1 .6) was assayed by the methods of George & Smibert (1982) . (viii) Fumarase (EC 4.2.1.2) was assayed by the procedure of Stitt (19836) . (ix) Malate dehydrogenase (EC 1.1.1.37) was assayed by the method of Yoshida (1969) .
Transaminuse, anaplerotic and other activities at the pyruvate locus. (i) Aspartate aminotransferase (EC 2.6.1 . 1) was assayed by the procedure of Rej & Horder (1983) at 37 "C. (ii) Aspartase (EC 4.1 .3.2) was assayed by the procedure of Williams & Lartigue (1969) . (iii) Malic enzyme (EC 1.1.1.40) was assayed according to the method of Hsu & Lardy (1969) . (iv) Phosphoenolpyruvate (PEP) carboxylase (EC 4.1 . 1 .31) was assayed according to the method of Smith (1968) . We also assayed for C 0 2 fixation using 0.4 pCi (14.8 kBq) NaHI4CO3 in each reaction mixture [specific activity 0.1 mCi mmol-1 (3.7 MBq mmol-I); Research Products International], by the method of Cox & Baugh (1 976) . (v) PEP carboxytransphosphorylase (EC 4.1 . 1 .38) and PEP carboxykinase (EC 4.1 . 1 .32) were assayed by a modification of the procedure of Smith (1968) . The basic reaction mixture (1.0 ml) contained 100 mM-HEPES/NaOH (pH 7.4), 6 mM-PEP, 5 rn~-MgCl, or MnCl,, 0.1 U malate dehydrogenase (MDH), 0.15 mM-NADH and cell extract. For the PEP carboxytransphosphorylase assay, 5 ~M -K H~P O , (P,) was also added and for the PEP carboxykinase assay either 4 mM-ADP or 4 mM-GDP was added and the reactions were started by the addition of 10 mM-NaHCO,. (vi) Pyruvate carboxylase (EC 6.4.1.1) was assayed by the method of Holdsworth & Bruck (1977) . Also, ATP formed by this reaction was measured directly by following the formation of NADPH at 340 nm in a mixture (1-0 ml) containing 100 mM-HEPES/NaOH (pH 7.4), 1-8 mM-glucose, 0.1 U hexokinase, 10 mM-glucose 6-phosphate, 0.1 U glucose-6-phosphate dehydrogenase, 15 mM-NADP+, 4 mM-ADP, 140 mM-oxaloacetate (OAA), 5 ~M -K H~P O , (Pi) and cytoplasmic extract. (vii) Pyruvate dehydrogenase (EC 1.2.4.1) was assayed by the procedure of McGarrity et al. (1984) . Pyruvate kinase (EC 2.7.1.40) was assayed by the procedure of Bucher & Pfleiderer (1955) . (viii) Pyruvate orthophosphate dikinase (EC 2.7.9.1) was assayed by the procedure of Ernst et al. (1986) . (ix) Lactate dehydrogenase (EC 1 . 1 . 1 .27) was assayed by the procedure of Kornberg (1955) . (x) Malate synthase (EC 4.1.3.2) was assayed by the procedure of Dixon & Kornberg (1 962).
Statistical analysis. Each enzyme activity in each batch of cells was assayed at three to five concentrations of cell extract to determine the maximum specific activity (rate). The mean rates and SD values we report were calculated from the individual rates obtained from each of six to fifteen different batches of cells for A. laidlawii B-PG9, A . morum S2, M . capricolum 14 and M . gallisepticum S6, and from three batches of M. hyopneumoniae J, M . pneumoniae FH, M . hominis 1620 and M . bovigenitalium PG-11. Two batches of M. hominis PG-21 and one batch of M. genitalium G-37 were examined. t No. of batches of each organism that was tested for enzyme activity was three to fifteen.
$ No. of batches of each organism that was tested for enzyme activity was two. ND, No activity was ever detected; we could detect 1 mU enzyme activity in samples purchased from Sigma.
* Corresponds to the reaction no. in Fig. 2. t No. of batches of each organism that was tested for enzyme activity was three to fifteen.
$ No. of batches of each organism that was tested for enzyme activity was one. The enzyme assays and abbreviations are described in Methods. The reaction nos refer to the same enzyme reactions numbered and described in Table 1 . The lines with a pair of diagonal slashes represent reaction sequences presumably present but not investigated in this study.
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R E S U L T S
Enzyme activities associated with the TCA cycle In the cytoplasmic extracts from both Acholeplasma species we detected no enzyme activities associated with the TCA cycle. All Mycoplasma species extracts contained MDH activity (Tables 1 and 2 , reactions 14 and 15), but lacked any other activity associated with the TCA cycle. As a test for the possible inhibition of enzyme expression by our enriched medium E. coli, P. aeruginosa and S . faecium were grown under the same conditions as the Mollicutes. With the exception of citrate synthetase in Streptococcus faecium, we detected all nine of the enzyme activities of the TCA cycle in these three bacteria. As a test for the effects of aeration on enzyme activities, A . laidlawii and M . hominis 1620 were both grown statically and also with either shaking or sparging. We found no difference in the enzyme patterns found in either Mollicute whether grown statically or with aeration.
Transamination activity
The results of our assay for transaminase activity are shown in Tables 1 and 2 and in Figs 1 and 2 (reactions 16 and 17). With the exception of M . gallisepticum S6, all of the Mollicutes tested possessed aspartate aminotransferase activity in both directions.
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Lipids
Lactate Glucose Anaplerotic and other activities at the pyruvate locus No aspartase, malic enzyme, PEP carboxytransphosphorylase, PEP carboxykinase or pyruvate orthophosphate dikinase activities were detected in any of the Mollicutes tested.
PEP carboxylase in the direction of OAA formation (Table 1 and Fig. 1 , reaction 24) was detected in both of the Acholeplasma species, but was not detected in either the fermentative or non-fermentative Mycoplasma species. This indicated that the Acholeplasma species apparently fixed C 0 2 by converting PEP and C 0 2 to OAA. This occurred without the addition of Pi or ADP and without the formation of ATP or PPi, presumably as a result of PEP carboxylase activity, as neither PEP carboxytransphosphorylase or PEP carboxykinase were detectable.
We obtained more direct evidence for C 0 2 fixation in A . laidlawiii. Extracts, in the presence of MnCI2 and PEP, could incorporate NaH14C03 radioactivity into material which was not volatilized from solutions of pH 5 2.0. A radioactive dinitrophenylhydrazine derivative of this material co-migrated with the dinitrophenylhydrazone of OAA : thus OAA was synthesized in our PEP carboxylase reaction (unpublished data). We found, as did Beaman & Pollack (1984) , that the PEP carboxylase activity in extracts from five different cell batches of A . laidlawii was 8.25 & 0.87 nmol OAA synthesized min-' (mg protein)-'.
All the Mycoplasma species tested contained malate synthase activity in the direction of malate formation (Tables 1 and 2, Fig. 2, reaction 20) . In the Acholeplasma species no malate synthase activity was detected. No activity was detected in the direction of glyoxalate formation in any of the Mollicutes.
The extracts from all ten Mollicutes had pyruvate carboxylase activity in the direction of OAA formation. In the reverse direction of this reaction, where ATP is synthesized, we measured ATP synthesis directly and found it (Tables 1 and 2, Figs 1 and 2, reactions 30 and 31) . All ten Mollicutes had pyruvate kinase activity in both directions and lactate dehydrogenase activity in both directions (Tables 1 and 2, Figs 1 and 2, reactions 34, 35, 38 and 39) .
A, laidlawii and M . gallisepticum extracts have pyruvate dehydrogenase activity (McGarrity et  al., 1984) . All other Mollicutes we tested also contained this enzyme activity (Tables 1 and 2,  Figs 1 and 2, reactions 32 and 33) .
DISCUSSION
Our data corroborates the view that the fermentative Mollicutes lack the complete TCA cycle and indicates that the non-fermentative Mollicutes also lack a complete TCA cycle. MDH was the only detectable activity associated with the TCA cycle and was found only in the Mycoplasma species, whether fermentative or non-fermentative.
The inability to detect MDH activity in Acholeplasma species is consistent with the findings of Lanham et al. (1980) who, using isoenzyme electrophoretic analysis, were unable to detect MDH activity. However, Salih et al. (1983) detected weak MDH activity in A . laidlawii by the same technique; they concluded that the low activity was due to enzyme instability. This may account for our inability to detect MDH activity in A . laidlawii.
Aspartate aminotransferase activity was not found in M . mycoides subsp. mycoides (Rodwell, 1960) , but has been reported in A . laidlawii (Lanham et al., 1980) . However, Razin (1963) failed to detect this activity in A . laidlawii. We detected aspartate aminotransferase activity in all Mollicutes tested except M . gullisepticum; this latter observation is in conflict with Gill (1960). As the enzyme might be unstable and destroyed during preparation of the cytoplasmic extract, we assayed enzyme activity before and after ultracentrifugation and dialysis, but still failed to detect activity. Though malate synthase activity was reported absent in non-fermentative M . arthritidis ( M . hominis) 07 (VanDemark & Smith, 1964b), we detected malate synthase activity in both non-fermentative and fermentative Mycoplasma species but only in the direction of malate synthesis.
Of the anaplerotic reactions tested, pyruvate carboxylase was found in all ten Mollicutes and PEP carboxylase in both Acholeplasma species but not in any Mycoplasma species. It was surprising not to find either PEP carboxytransphosphorylase activity or pyruvate orthophosphate dikinase activity in A . laidlawii or A . morum since these organisms have been reported to possess a PPi-dependent phosphofructokinase (PFK) (Pollack & Williams, 1986) , and the former activities were reported to be present in organisms with a PPi-dependent PFK (Wood et al., 1977; Tryon & Pollack, 1984) .
Acholeplasma and Mycoplasma species each have two paths from PEP to OAA. One path, present in both genera, proceeds from PEP to pyruvate via pyruvate kinase with a gain of one ATP, then from pyruvate to OAA via pyruvate carboxylase with a loss of one ATP (Figs 1 and 2,  reactions 35 and 30) . The Acholeplasma species have an alternate path to OAA directly from PEP without an intervening pyruvate and the concomitant gain and loss of ATP. This alternate carboxylation path proceeds via PEP carboxylase to OAA (Fig. 1, reaction 24) . Therefore, neither path from PEP to OAA in Acholeplasma species yields net ATP. The two acholeplasmas having pyruvate dehydrogenase, but lacking malate synthase apparently use acetyl-CoA for lipid rather than malate synthesis. The alternate path in the Mycoplasma species proceeds from PEP to pyruvate via pyruvate kinase, with the gain of one ATP, then from pyruvate to acetylCoA by pyruvate dehydrogenase, from acetyl-CoA to malate, then to OAA by malate synthase
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and MDH, respectively (Fig. 2, reactions 35, 32, 20 and 14) . Therefore, the alternate path to OAA in Mycoplasma species yields ATP. This longer and more energetically favourable path in Mycoplusrna species may be regulated by cellular levels of CoA-SH, glyoxalate and NAD+. However, when CoA-SH, NAD+ or glyoxalate are limiting, pyruvate carboxylase activity may be important in the synthesis of OAA, even though there is no gain of ATP. The source of glyoxalate in the Mollicutes is unknown. We have not detected isocitrate lyase activity, nor the glyoxalate cycle in any Mollicutes (unpublished data).
The absence of aspartate aminotransferase activity in M . gallisepticum S6 denotes that this metabolic point is disconnected from glycolysis and that there may be no passage of glycolytic carbons via pyruvate and OAA to amino acids, and hence to proteins. Although there are no studies examining the linkage of aspartate to the synthesis of amino acids and proteins in the Mollicutes, there are data showing that aspartate may be required in the synthesis of AMP by Mollicutes, and, therefore, a linkage to nucleic acids appears to be established (Figs 1 and 2 ) (Pollack et al., 1981 ; Tryon & Pollack, 1985) . However, this hypothesis includes as a corollary the accumulation of fumarate. Although we have detected transitory low levels of fumarate in cells, we know of no role for fumarate in the metabolism of Mollicutes (unpublished data). Stimulation of growth by 2-oxoglutarate (Leece & Morton, 1954; Tourtellotte & Jacobs, 1960) might indicate growth stimulating transaminase activity rather than the presence of the TCA cycle.
As we used crude enzyme preparations and competing reactions cannot be excluded, the rates in Table 1 should be viewed with caution, and used to indicate the presence or absence of activity only.
We detected no difference between the enzyme patterns of the non-fermentative and the fermentative Mycoplasma species. The pattern detected for the Mycoplasma species is different from that of the Acholeplasma species.
Our data have thus categorized a number of metabolic interchange activities at the pyruvate-OAA locus. The interchanges may be controlled by the compounds involved, some of whiche.g. acetyl-CoA, ATP and PEP -are already known to be involved in regulation of the central pathways. 
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